The resolution problem in X-ray energy-dispersive diffractometry is discussed. It is shown that for a given characteristic of the solid-state detector system and a given range of interplanar spacings, an optimum scattering angle can be easily found for any divergence of the incident and scattered beams. and thus by using (3), (5) and (6) we finally find"
I. Introduction
The possibility of the separation of two neighbouring reflections in X-ray energy-dispersive diffractometry depends on the full energy width at half maximum (3EFwHM) of each of the reflections and the difference AE in positions of the two reflections in the energy scale. Fukamachi, Hosoya & Terasaki (1973) briefly discussed this problem and illustrated it by a particular example of two pairs of aluminium reflections. However, their treatment is not general enough and it does not reveal what scattering angle 200 and what divergence of the X-ray beam d0o are the best for the separation of two reflections arising from two interplanar spacings d and d+Ad. As will be seen from the present note, this information can be obtained by expressing the full width at half maximum (6dFwHM) in the d scale as function of d, 0o and A0o. It will also be seen that quite different answers are obtained for large and small d0o, the latter being especially important in view of the use of synchrotron radiation as an X-ray source for energy-dispersive diffractometry (Buras, Gerward & Staun Olsen, 1976; Bordas, Munro & Glazer, 1976; Bordas, Glazer, Howard & Bourdillon, 1977; Buras, Staun Olsen, Gerward, Will & Hinze, 1977) .
The full width at half maximum in the d scale of a diffraction peak (fidrwuM)
The full energy width at half maximum of a reflection can be expressed as (~EFwHM=[(AoEFwHM) x +(AoE)2] 1/2 (1) * On leave from (now returned to) Laboratory of Nuclear Science, Tohoku University, Tomizawa, Sendai 982, Japan.
where A DEFwHM is the resolution of the detector system and A oE is the energy broadening of the Bragg reflection caused by the divergence AOo of the incident and reflected X-ray beams. We assume here that the observed profile of a reflection is a convolution of the profile of the detector response and the profile due to the slit system, and that the profiles are Gaussian, although the real profiles might exhibit geometrical and physical aberrations as discussed by Wilson (1973) . We assume also that there is no broadening due to crystallite size or lattice imperfections (Gerward, Moldrup & Topsoe, 1976) .
As is well known (Aitken, 1968) ,
where AEamp is due to the solid-state detector (SSD) leakage noise and to the preamplifier noise, F is the Fano factor, and e is the energy required for creating an electron-hole pair. AoE can be obtained by differentiation (d = constant) of the Bragg equation
where C = 6199 eVA). We obtain
AoE= -E cot OoAOo.
Thus from (1), (2) and (4) 6dFwHM --C d [(AEampd sin2 00)2 6dFwrlM--C sin 00 + 5"546FeCd sin 3 0o + C2 cos20o(AOo) 2] 1/2. (7) We see that the FWHM in the d scale of a reflection depends in a rather complicated way on d, 0o, A Oo and the parameters characterizing the detector system. Whether two reflections arising from two interplanar spacings d and d+Ad can be separated clearly depends on the size of 6dFwHM compared with Ad. If the peaks are of equal intensity, the condition for separation 6dFwHM < Ad (8) is strong enough. If, however, the peaks are of different intensities an appropriately stronger condition should be applied. In both cases, however, the comparison between 6dFwHM and A d reveals whether two neighbouring peaks can be separated. In the next section we discuss the dependence of 6dvwnM on d, 0o and AOo.
Numerical examples and discussion
From the nominal FWHM's of our Princeton Gamma-Tech intrinsic germanium (e = 2-96 eV) detector, 150 eV and 485 eV at 5"9 keV and 122 keV, respectively, we calculated AEam p and F and obtained AEamp = 108 eV, F=0"ll. Fig. 1 shows the dependence of 6dFwHM on 0o for different d spacings as calculated from (7) using the above values of AEam p and F. The full lines are for AOo= 10 -4 rad=20.6 seconds of arc and the dotted lines for A0o=5 x 10 -3 rad= 17.2 minutes of arc. The smaller divergence of the two can be achieved using synchrotron radiation, the larger is rather typical when an X-ray tube is used.
We note from Fig. 1 that for large scattering angles the divergence A Oo has no influence on 6dFwHM and that this lack of influence extends to much smaller scattering angles for larger d spacings than for smaller ones. In the small scattering angle range, we observe pronounced minima for the small-divergence case. Small minima can also be seen for the large-divergence case (especially for larger d) but they are much less pronounced.
The Bragg angle 0o, for which a minimum of 6dFwHM occurs, is, of course, the best for the separation of two neighbouring reflections for the particular interplanar spacing d. It is obvious that if one intends to have the best resolution within a certain interval of d spacings, then a compromise should be made and a certain average scattering angle should be used. From Fig. 1 we notice that the positions of the minima shift to smaller 0o with increasing d. As will become evident from one of the examples discussed below, not all calculated angles 00 giving the best resolution can be used in practice because they require too large a photon energy. In these cases the smallest practically possible 0o angle should be chosen.
In order to have an idea of how the shape of the curves shown in Fig. 1 depends on A Eamp, and at the same time to test the validity of (5) concerning the E dependence, we used the diffraction data for powdered silicon at 200=34-2 ° with A0o=8 x 10 -4, which were obtained in an experiment performed with synchrotron X-rays at DESY (Buras et al., 1977) . We fitted the 18 reflections to Gaussian functions and plotted the 6EFwHM/E values versus E as shown in Fig. 2 . The curve in Fig. 2 The solid line is the result of a least-squares fit. (For details see text.) using 6EFwHM , as described by (5), as a fitting function leaving A Eamp and F as free parameters. We obtained AEamp= 164 eV and F=0.10. Since special time constants for the amplifier system were used in this experiment, we have measured the FWHM's at 14.4 and 122 keV 7-rays from 57Co with the same time constants and obtained ZlEamp= 160 eV and F=(~12 in reasonable agreement with the above mentioned values estimated from a fitting function. We conclude that (5) correctly describes the dependence of ~EFwHM on E, and for further calculations we use the average value of F equal to 0.11. With AEamp=164 eV and F=0-11 we again calculated 6dFwHM as a function of 0o for different values of d. The results for AOo equal to 10 -4 rad (full lines), 5 x 10 -3 rad (dotted lines) and 8 x 10 -4 rad (dashed lines), as used in the DESY experiment, are shown in Fig. 3 . By comparing Figs. 1 and 3 we notice that the general shape of the curves is the same. In the case of A0o=5 x 10 -3, the minima in Fig. 3 are more pronounced than in Fig. 1 . In order to show the differences for A 0o = 10-4 more clearly, both sets of curves are seen in Fig. 4 : solid lines for AEamp--108 eV, and dashed for dEamp = 164 eV. The latter shows a poorer resolution for large scattering angles and a small shift of the minima towards large scattering angles.
In order to obtain an idea of the gain from choosing the optimum scattering angle, let us consider an example of an experiment in which we aim for the best resolution around d= 1 A with a system of dEamp = 164 eV and F=0"ll, as described by Fig. 3 . In the case of A0o=10 -4, the minimum value of 6dFwHM equals 4-4 x 10-3 A for 0o = 2"2 °. However, this setting would require photons of about 161 keV [-calculated using (3)-] and they are not available at this time with sufficient intensity. DESY with its critical wavelength of 0.42 A* supplies photons with sufficient intensity down to about 0.1 A, which amounts to about 120 keV, and it was shown experimentally that diffraction peaks can be easily recorded at 70 keV (Buras et al., 1977) . If we take the latter value in order to be on the safe side in our calculations, then we obtain for d = 1 A and 0o=5.1 ° a practical possibility to achieve an optimum value of 6dFwHM equal to 5"7 x 10-3 A. This can be compared with 6dFwnM = 3 X 10-2 A for large values of 0o close to backscattering, which in some diffraction methods (e.g. the neutron time-of-flight method) gives the best resolution. As we see, the optimum value of 6dFwHM is about five times smaller than that of backscattering. This example illustrates the usefulness of our calculations. We can also compare the optimum value of t~dFwnM for A0o=10 -4 with that for AOo = 5 × 10-3, which we obtain at 0o = 23 ° and which requires photons of an energy of about 16 keV. For the latter, we obtain 6dFwHM = 1"9 × 10 -2, and thus it is 3"3 times larger than the optimum value for AOo= 10 -4.
* At an electron energy of 7.5 GeV.
Conclusions

Inspection of Figs. 1 or 3 and the above examples
lead to the conclusion that the optimum resolution is achieved using (1) a small divergence AOo, (2) rather small scattering angles (although not too small, see Fig. 1 ), and, consequently, (3) high-energy photons. Conclusion (1) is trivial, but the interrelated conclusions (2) and (3) ................................... photon energies. Germanium detectors should be used because of these large energies.
We hope that the above discussion and the derived formula (7) will be of use in finding the optimumresolution conditions in X-ray energy-dispersive diffractometry.
